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Abstract: Achieving urban water security requires sustaining the trade-offs between the exploitation
of water/environmental resources and ecosystem services. This achievement not only reduces the
pollution and contamination in the environment, level of water stress, but also secures good ambient
water quality and future for people’s well-being and livelihoods. Changes in land use and land
cover and growth of impervious structures can immediately generate severe ecological and social
issues and increase the level of natural or manmade risks, affecting the condition of ecosystem
services within and in the vicinity of an urban region. As a result of these transformations and
further exploitation, due to the growing anthropogenic pressure, surface water and groundwater
quality can be deteriorated compared to ambient water quality standards (for both chemical and
biological pollutants). Based on land use and land cover (LULC) data retrieved from remote sensing
interpretation, we computed the changes of the ecosystem service values (ESV) associated with
the LULC dynamics, water quality and, finally, urban water security during the pre- and post-
monsoon periods of 2009, 2014 and 2019 in Kolkata, an Asian deltaic megacity, and its peri-urban
wetlands named East Kolkata Wetlands (EKW). The area under wetlands reduced comprehensively in
2009–2019 due to the conversion of wetlands into various other classes such as urban settlement, etc.
The quality of surface water bodies (such as rivers, lakes, canals and inland wetlands) deteriorated.
The groundwater quality is still under control, but the presence of arsenic, manganese and other
metals are a clear indication of urban expansion and related activities in the area. As a result,
there was a change in the ESV during this timeframe. In the pre-monsoon period, there was an
increase in total ESV from US$53.14 million in 2009 to US$53.36 million and US$59.01 million
in 2014 and 2019, respectively. In the post-monsoon period, the ESV decreased from US$67.42
million in 2009 to US$64.13 and US$61.89 million in 2014 and 2019, respectively. These changes
can be attributed to the peri-urban wetlands and the benefits or services arising out of them that
contribute more than 50% of the total ESV. This study found that the area under wetlands has reduced
comprehensively in the past 10 years due to the conversion of wetlands for various other uses such
as urban expansion of the Kolkata City, but still, this peri-urban wetland supports the urban water
security by providing sufficient ecosystem services. In conclusion, the transformation in extent
of the water-related ecosystem is a crucial indicator of urban water security, which also measures
the quantity of water contained in various water-related ecosystems. Quantitative analysis of the
LULC change, hence, is important for studying the corresponding impact on the ecosystem service
value (ESV) and water quality that helps in decision-making in securing urban water future and
ecosystem conservation.
Keywords: urban ecosystem services; valuation of ecosystem services; land use and land cover;
water quality index; remote sensing
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1. Introduction
Water security is widely regarded as the key natural resource challenge facing human-
ity. The availability of water in the appropriate quantity (including avoiding scarcity and
overabundance) with the appropriate quality and at the appropriate time for both human
consumption and ecosystems is a basic requirement for sustainable development [1]. Wa-
ter insecurity results in water poverty for both people and the environment, which is a
multi-dimensional state of deprivation with lacking access to adequate water of safe quality
as a key factor [2]. Ecosystems provide cultural, regulating and supporting services that
contribute directly and indirectly to human well-being through recreation, scenic values
and maintenance of fisheries [3]. Fresh water is a provisioning ecosystem service as it
provides water for human use including domestic use, irrigation, power generation and
transportation. Fresh water and the hydrological cycle also sustain inland water ecosys-
tems, including rivers, lakes and wetlands. Provisioning of fresh water also plays a role
in sustaining freshwater-dependent ecosystems such as mangroves, inter-tidal zones and
estuaries, which provide another set of services to local communities and tourists alike [3].
Under continuous urban expansion and redevelopment, rural–urban linkages are
transformed [4,5]. Changing ecosystem services (ES) are central to this transformation as
they arise from the interaction of people and ecosystems and are most prominent in areas
where the rural is increasingly influenced by the urban [6]. The ecosystem services gener-
ated by peri-urban ecosystems play a significant role in urban sustainability and resilience,
spanning from food security to disaster risk management [7]. Urban and peri-urban
wetlands provide ecosystem services seen and unseen to millions of people and to the envi-
ronment on which we rely [7]. Especially wetlands provide vital water-related ecosystem
services at different scales (e.g., clean water provision, wastewater treatment, groundwater
replenishment, flood control), which are relevant for livelihood and well-being [8]. Thus,
wetlands are crucial in maintaining the water cycle which, in turn, underpins all ecosystem
services and therefore sustainable development and water security [8]. However, wetlands
face serious risks as they are confronted by a range of threats such as urban development,
pollution and agricultural use [9].
Ecosystem-based management is defined by the United Nations Convention on Bio-
logical Diversity (CBD) as a “strategy for the integrated management of land, water and
living resources that promotes conservation and sustainable use in an equitable way” [10].
Ecosystem services (ES) research has gained momentum and the science and policy of
valuing ES has experienced rapid growth since the Millennium Ecosystem Assessment [11].
The economic valuation of ES is becoming a regular practice in ecological economics to
improve the basis for political and planning decisions and to establish more profound
knowledge of the economic importance of ES. This includes the assessment of opportunity
costs of land degradation or restoration as well as the assessment of developing policy
tools and incentive mechanisms such as payments for ecosystem services (PES). However,
monetary valuation of ES does not imply that they have exchange values and that all ES can
be commodified or exchanged in the market as a substitute to other market commodities.
Thus, the valuation is instead an estimate of the benefits of ES to the society expressed
in units that work as a tool to help raise awareness on ES importance. Pahl-Wostl and
Knüppe [12] argue that the ES concept may serve as a bridging concept to integrate vari-
ous fragmented development trajectories and human water security without neglecting
environmental water needs within a logical integrative framework.
Kolkata is the capital of West Bengal (one of the states of India) with a population
of 4.5 million people, situated on the Ganga–Brahmaputra Delta. The climate of Kolkata
is a tropical wet-and-dry climate (Aw according to Köppen climate classification system).
The city experiences a hot pre-monsoon season from late March to mid-June followed
by a monsoon period from mid-June till mid-September and lastly a slightly cooler dry
season from mid-October until mid-March [13]. Since 1690, the approximate year when
the British founded Kolkata, it has been expanding randomly without having a proper
master plan. Besides, Kolkata is blessed ecologically because it has the mighty river Ganga
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flowing at the west, a huge groundwater reserve underneath and a wide wetland area
adjacent to its eastern fringe which naturally treats city’s wastewater and transforms that
suitable for fishery and agriculture [13–15]. Despite these advantages, at present, the city is
increasingly running into water insecurity [13].
Thus, the main objectives of this study are to investigate the spatial and temporal
land use and land cover (LULC) changes, their influence on different urban ecosystem
services (UES) through an ES valuation approach and analyze the trade-offs between urban
environmental water security (UEWS) and its peri-urban wetland area as an example for
an Asian deltaic megacity—Kolkata, India.
Therefore, the overall aim of this article is to investigate the spatial and temporal
LULC changes and their influence on different urban ecosystem services (UES) in Kolkata
City’s UEWS. The following research questions shall be answered by the study:
- To what extent have LULC and their impact on ecosystem services changed over
time within Kolkata City and its urban and peri-urban wetland (named East Kolkata
Wetlands, or EKW) areas during the pre- and post-monsoon seasons in the last decade
(2009–2019)?
- To what extent are the availability and quality of surface and groundwater impacted
with the changes in LULC in the Kolkata Municipal Corporation area?
- How do these changes ultimately affect spatial distribution of UEWS in Kolkata City?
2. Methods
2.1. Study Area
The total study area comprises 330 km2 and includes the Kolkata Municipal Corpora-
tion (205 km2) and the East Kolkata Wetlands (125 km2) (Figure 1). The Kolkata Municipal
Corporation (KMC) currently has 144 wards (three of which were added in 2015). These
wards are then clustered into 16 boroughs or administrative blocks [13]. The area is part of
the lower deltaic plains of the Ganga–Bhagirathi river system with an elevation ranging
between 3.5 and 6.0 m above mean sea level (amsl). The area is drained by the River Hugli,
a distributary of the Ganga, running along its northwestern boundary and by several
canals. Due to rapid urbanization of Kolkata, most of the marshy lands have been filled
up and covered with buildings and the majority of the canals have been silted. The East
Kolkata Wetlands area (EKW) is a peri-urban saltmarsh that has been used to receive city’s
sewage since the late 17th century [14,15]. Subsequently, the EKW area was transformed
by local people into an extensive land use mosaic of sewage-fed fish farms and agricultural
lands about 100 years ago [14]. These wetlands serve for the biological treatment of raw
sewage coming from the Kolkata Municipal Corporation and other adjacent areas [15]. East
Kolkata Wetlands have been reported to support livelihoods of ~74% of the population of
the peri-urban area [15,16]. Beyond that, the East Kolkata Wetlands act as an important
habitat for various wildlife, especially birds [17]. Traditional pisciculture and cultivation
techniques form the basis of ecological security in the region [15], providing multiple bene-
fits, including food production, resource recovery, flood reduction, habitat and biodiversity
restoration and opportunities for employment. Under the Ramsar Convention, in August
2002, the East Kolkata Wetlands were designated as a “wetland of international impor-
tance” [18]. Details on geology, geomorphology, surface water and groundwater hydrology
and ecology are given in the publications by McArthur et al. [19], Sahu and Sikdar [20–24],
Sahu et al. [25], Sikdar et al. [26,27], Sikdar [28,29], Sikdar and Dasgupta [30]. The research
focuses on the KMC area, and the EKW stand for their support to contribute to ecosystem
service valuations (ESVs).
2.2. Land Use and Land Cover Change between 2009 and 2019
Satellite images (Table 1) were analyzed to detect changes in the distribution of the
major land use and land cover (LULC) classes between pre-monsoon (March–May) and
post-monsoon (October–December) seasons of 2009, 2014 and 2019. In India, the dry winter
season comes after the post-monsoon season (October–November) and is considered
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different from the pre-monsoon season (April–May) when the temperature is higher than
40 degrees Celsius. This study tries to focus on the pre-monsoon season specifically as
we cannot use satellite images during the monsoon months (July–September). In order to
avoid the yearly changes to show, we chose two distinct seasons of the year, i.e., pre- and
post-monsoon seasons only.
Figure 1. Map showing Kolkata Municipal Corporation (KMC) boroughs (featuring the wards associated in a borough) and
the East Kolkata Wetlands (EKW) area located outside the KMC area. Roman numerals mark borough numbers (source:
Mukherjee et al. [13]).
Table 1. Details of the satellite imagery used.
Serial No. Sensor Date of Acquisition Spatial Resolution Spectral Resolution Path/Row
1
Landsat 05
10 May 2009 30 mts × 30 mts
(exc. band 6)
Five spectral bands
and one thermal band
138/44











4 16 November 2014
5 06 May 2019
6 30 November 2019
In the first step, a reference image was geometrically and radiometrically corrected;
thereupon, the remaining images were co-registered to match the overlay with sub-pixel
accuracy (RMS errors ≈ 0.21). For resampling, the nearest neighbor technique was applied
for further classification to retain the original pixel values. The maximum likelihood-
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based supervised classification was performed to detect the LULC changes within the
study area for 2009–2014, 2014–2019 and 2009–2019 during pre- and post-monsoon periods.
Classification of LULC was performed on co-registered images applying the Arc GIS
software (version 10.7) using the supervised (maximum likelihood) image classification
technique (SICS). Five broad classes representing urban settlement, vegetated areas, lakes,
inland wetlands, open spaces and agricultural lands were mapped (Table 2). It needs to
be mentioned that there are two designated surface water bodies within the KMC area
referred to as lakes [31–33]; correspondingly, we considered only the water-filled parts of
them as lakes, while the other surface water bodies (except the River Hugli) were classified
as inland wetlands supporting the presence of hydrophytes in them.
Table 2. Land use and land cover (LULC) classes mapped for the Kolkata Municipal Corporation
and East Kolkata Wetlands areas.
LULC Class Description
Urban settlement
Land predominantly covered with houses including residential,
commercial, industrial buildings and construction materials as well as
transportation facilities such as roads and railway lines
Agricultural lands Land specially used to produce agricultural crops
Vegetation Land covered with any type of natural vegetation, including roadsidetress and grasses
Lakes Area with permanent bodies of open water bigger and deeperthan wetlands
Inland wetlands
Area with open water including canals, small ponds and wetlands
(including aquaculture ponds locally known as bheris), excluding rivers
with water measuring up to 2 m in depth
Open spaces Barren land without grass and manmade constructions
More than 50 spectral signatures were taken as representative signatures for each
LULC type. Overall accuracy of the classification process was computed for the classified
images for 2009, 2014 and 2019, respectively, based on representative reference points
extracted from images provided by Google Earth. Ground truth data obtained from field
surveys in 2008 and 2020 and the analyzed secondary data collected in 2008–2020 were
compared with the classified satellite imagery.
The overall accuracies for the LULC classifications obtained are 89% (for pre-monsoon
2009), 90.1% (for pre-monsoon 2014), 93% (for pre-monsoon 2019), 88.4% (for post-monsoon
2009), 92% (for post-monsoon 2014) and 92.6% (for post-monsoon 2019). Finally, the data
generated from the classified imagery were integrated into spreadsheets to calculate the
changes in each class over the last decade.
2.3. Estimation of Value of Ecosystem Services and Changes in Value Due to LULC Changes
Global value coefficient (GVC) for 17 biomes was proposed by Costanza et al. [34] to
estimate the status of ecosystem services globally. In this study, to quantify the ecosystem
service value (ESV) for the six land use categories (urban settlement, agricultural lands, veg-
etation, lakes, inland wetlands and open spaces), the GVCs proposed by Costanza et al. [34]
were used after suitably modified by Mamat et al. [35]. These modified values were used
for this study. All estimated monetary values given in US$ are based on the 2018 valuation
(Table 3). For our research, we used GVCs estimated by Mamat et al. [34] as an indicative
value. Therefore, the most representative biomes are used as proxy for individual land use
categories such as urban for urban settlement, rivers/lakes/ponds for inland wetlands,
crop lands for agricultural or cultivated lands and forests for vegetation, respectively.
Accurate evaluation of monetary values for both ecosystem services and land use and land
cover depends upon many factors ranging from national/international polices, socioeco-
nomic development criteria, inflation of the local currency to willingness to pay and the
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supply–demand mechanism of the local people. Therefore, accurate valuation of ES for a
specific geographical context is difficult and, to a certain point, vague. Considering this
issue, we used the already adjusted valuation based on the benefit transfer method used by
Mamat et al. for their study area. The following equations were applied to quantify ESV:
ESVk = Ak × GVCk (1)
ESVt = ΣAk × GVCk (2)
ESVf = ΣAk × GVCkf (3)
where ESVk is the ecosystem service value (ESV) for individual land use categories,
ESVt is the total ecosystem service value and ESVf is the individual ecosystem ser-
vice function (Table 3), Ak is the area in hectares (ha) and GVCk is the global value
coefficient (US$ ha−1year−1) for land use category k. GVCkf is the global value coeffi-
cient (US$ ha−1year−1) for land use category k and ecosystem service function type f [35]
(Table 3).
Table 3. Biome equivalent and corresponding ecosystem service value (ESV) (in US$ ha−1year−1) estimation (modified





Ecosystem Service Value (ESV) for Each LULC Type (US$ ha−1year−1)










Gas regulation 0 74.7 299.4 0.0 268.9 4.2
Climate regulation 0 133.0 282.1 68.7 2554.7 9.0
Waste treatment 0 245.0 119.2 3047.7 2716.0 18.0
Supporting services
Soil formation 0 218.1 278.6 1.5 255.5 11.8
Biodiversity protection 0 106.1 312.6 2719.0 373.5 27.7
Provisional services
Water supply 0 89.6 283.5 372.0 2315.6 4.8
Food production 0 149.4 22.9 14.9 44.8 1.4
Raw materials 0 14.9 206.5 1.5 10.5 2.8
Cultural services Recreation and culture 12.7 1.5 144.2 648.4 829.2 16.6
Total 12.7 1032.3 1949.0 6873.8 9368.7 96.3
After estimation of total ecosystem service values (ESV), the average ecosystem service
value (ESVavr) was computed applying the following equation:
ESVavr = ESVt/Ua (4)
where ESVavr is the average ecosystem service value (US$ ha−1year−1), ESVt is the total
ecosystem service value (US$ ha−1year−1) for a certain study year and Ua is the total
geographical area of the urban area (ha).
2.4. Analysis of the Sensitivity Index (SI)
The biomes used in this study as proxies for individual land use and land cover
(LULC) types do not perfectly match the biomes proposed by Costanza et al. [34,36]; in
consequence, an uncertainty exists in computing the value coefficient. Therefore, it is
necessary to conduct the sensitivity analysis to determine the changes (%) of the ecosystem
service value upon the changes (%) of value coefficient. Using the concept of elasticity
applied in economics, the coefficient of sensitivity (CS) was calculated as follows [37]:
CS = [(ESVj − ESVi)/ESVi]/[(VCjk − VCik)/VCik] (5)
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where CS is the coefficient of sensitivity, ESV is the estimated ecosystem service value, GVC
is the global value coefficient after Costanza et al. [34], i and j denote the initial and adjusted
values, respectively, and k represents the land use category. In case CS > 1, the estimated
ecosystem value is considered to be elastic (relatively high sensitivity) in response to the
GVC and more attention needs to be paid to computing accurately the value coefficient. In
case CS < 1, the estimated ecosystem service value is inelastic (relatively low sensitivity)
with respect to the GVC and the resultant ecosystem service value is reliable [35].
2.5. Water Quality Index
To calculate surface water quality index (WQI), seasonal data for ten years (2010–2019)
were collected from thirteen stations of the West Bengal Pollution Control Board (WBPCB),
Kolkata, India, including the River Hugli, Tolly’s Nullah (canal), four ponds and Rabindra
Sarobar (lake) (Figure 2). To calculate the WQI, the Canadian Council of Ministers of
the Environment (CCME) model [38,39] was used. The CCME WQI model consists of
three measures of variance from selected water quality objectives: scope, frequency and
amplitude [39]. The resulting CCME WQI values range between 0 and 100, representing the
overall water quality. The CCME WQI values are then converted into rankings by applying
the index categorization scheme (Table 4). The water quality variables with corresponding
objectives (as per the existing Indian regulatory authorities) tested for the CCME WQI
calculation are listed in Table 5.
Figure 2. The water sample collection sites (surface water and groundwater) in the Kolkata Municipal Corporation area
(sources: McArthur et al. [19] and WBPCB [40]).
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Table 4. The Canadian Council of Ministers of the Environment (CCME) water quality index (WQI) categorization scheme
CCME WQI (CCME, 2001) [39].
Rank WQI Value Description
Excellent 95–100
Water quality is protected with a virtual absence of threat or impairment; conditions remarkably close to
natural or pristine levels; these index values can only be obtained if all measurements are within
objectives virtually all the time.
Good 80–94 Water quality is protected with only a minor degree of threat or impairment; conditions rarely departfrom natural or desirable levels.
Fair 65–79 Water quality is usually protected but occasionally threatened or impaired; conditions sometimes departfrom natural or desirable levels.
Marginal 45–64 Water quality is frequently threatened or impaired; conditions often depart from natural ordesirable levels.
Poor 0–44 Water quality is almost always threatened or impaired; conditions usually depart from natural ordesirable levels.
Table 5. Parameters of water quality used and the standard for drinking water and bathing/recreational use of water [41,42].
Parameters Unit
Drinking Water Bathing/Recreational Use of Water
Standard Recommending Agency Standard Recommending Agency
BOD F mg/L−1 2 CPCB (1992) 3 CPCB (1992)
Cadmium † mg/L−1 0.003 BIS (2012) - -
Calcium F† mg/L−1 75 BIS (2012) - -
Chloride F† mg/L−1 250 BIS (2012) 600 CPCB (1992)
Chromium † mg/L−1 0.05 BIS (2012) - -
Copper † mg/L−1 1.5 BIS (2012)
Dissolved O2(DO) F mg/L−1 6 CPCB (1992) 5 CPCB (1992)
Fluoride † mg/L−1 1 BIS (2012) 1.5 CPCB (1992)
Iron † mg/L−1 1 BIS (2012) - -
Lead † mg/L−1 0.01 BIS (2012) - -
Magnesium F† mg/L 30 BIS (2012) - -
Manganese † mg/L−1 0.3 BIS (2012) - -
Nickel † mg/L−1 0.02 BIS (2012) - -
Nitrate † mg/L−1 45 BIS (2012) - -
Nitrate-N F mg/L−1 20 BIS (2012) - -
pH F - 6.5–8.5 BIS (2012) 6.5–8.5 CPCB (1992)
Potassium † mg/L−1 10 BIS (2012) - -
Sodium † mg/L−1 180 BIS (2012) - -
Sulphate F† mg/L−1 200 BIS (2012) - -
Total coliforms F Most ProbableNumber ()/100 mL−1 50 CPCB (1992) 500 CPCB (1992)
Total dissolved solids
(TDS) F mg/L
−1 500 BIS (2012) - -
Total hardness
asCaCO3 F mg/L






5 BIS (2012) - -
F Parameters used for the surface water index; † parameters used for the groundwater index. Abbreviations used: BOD: biochemical
oxygen demand; CPCB: Central Pollution Control Board, India; BIS: Bureau of Indian Standards; ICMR: Indian Council of Medical Research.
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Groundwater quality index was calculated using water quality data of 270 ground-
water monitoring stations (Figure 2) obtained from McAuthur et al. [19]. Fifteen chemical
parameters (Table 5) were applied to calculate the water quality index as per the CCME
WQI model.
2.6. Urban Environmental Water Security Index
The concept of water security advocates for providing safe drinking water while
maintaining sustainable environment integrating efforts to meet the 2030 Agenda Sustain-
able Development Goals [1,2,13]. Quantitative metrics of water security of a megacity are
needed for more comprehensive understanding of the dynamic environmental characteris-
tics of its neighborhoods, which otherwise remain obscured [13]. In this research paper,
we are proposing an index linking land use and land cover changes, values of ecosystem
services and quality of the supplied water together for clear understanding of the collective
results of all the variables considered for the index. The final scores of this index can
be used as an indicative tool with greater clarity and usability for further research and
planning purposes.
The urban environmental water security index (UEWSI) was calculated on the basis
of intensity indices [43–46] which explain the degree of change in average ecosystem
service value (ESV) in each borough (an administrative block comprising several lowest
administrative units called wards) of the Kolkata Municipal Corporation and East Kolkata
Wetlands for the given period of time.
The temporal and spatial variation of the UEWSI was prepared using the follow-
ing equations:














Pre-monsoon LULC intensity index:
∑ PRMII = ∑
(∑ ∆C1 × 100)
AT
× ∆t (8)
Post-monsoon LULC intensity index:
∑ PPOMII = ∑
(∑ ∆C2 × 100)
AT
× ∆t (9)











where ∆ESprmx and ∆ESpomx denote the change of the borough-wise average ESV in US$
between 2009–2019 during pre-monsoon or post-monsoon seasons; x is an individual
borough of the KMC; ∆C1 and ∆C2 are the change in area (ha) for all LULC classes over
the total study period during pre- and post-monsoon seasons, respectively; AT is the total
area (ha) of the borough; and ∆t is the time (year) span of the total study period.
Weightage for supplied water quality index (SuplWQIx) is a value assigned to the
tested supplied water (or main source of drinking water) category in the Canadian Council
of Ministers of the Environment (CCME) water quality index (WQI) scheme (Table 4) for
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each borough (example: 1 for poor, 2 for marginal, 3 for fair, 4 for good and 5 for excellent)
where the supplied water is considered the main source of water for drinking purposes.
Normalization of UEWSI values (−1 to 1) allowed assessing inter-borough variability
in environmental water security displayed in a map using ArcGIS 10.6 (ESRI, Redland,
CA, USA).
3. Results
3.1. Land Use and Land Cover Changes
The spatial distribution of land use and land cover (LULC) in the Kolkata Municipal
Corporation (KMC) and East Kolkata Wetlands is outlined seasonally for the years 2009,
2014 and 2019 (Figure 3). Urban settlement dominates the urban area of the Kolkata Munic-
ipal Corporation, while in the East Kolkata Wetlands, agricultural land is the dominant
LULC class. The occurrence of areas under vegetation varies both seasonally and spatially.
It is evident that in boroughs VII and XII, vegetation cover is higher than in the other bor-
oughs of the KMC. In boroughs I–VI, urban settlement dominate the LULC classes during
the total study period. The distribution of inland wetlands was all over the study period
higher in areas of the East Kolkata Wetlands than in the KMC area. Only in boroughs IX and
XII, significant area coverage by inland wetlands can be observed. The areas covered by
inland wetlands also varied seasonally in distribution, i.e., during post-monsoon periods,
the area covered by inland wetlands was generally higher than during the pre-monsoon
periods. This seasonal variation of the distribution of inland wetland areas between pre-
and post-monsoon periods is clearly evident for borough IV for the years 2009 and 2014. In
contrast, in 2019, the area covered by inland wetlands diminished in the pre-monsoon sea-
son and completely disappeared during the post-monsoon season. These strong seasonal
variations in the distribution of inland wetlands affected the distribution of the other LULC
classes, particularly the areas under open spaces which varied inversely to the inland
wetlands between 0.4% in the pre-monsoon period of 2009 to 0.15% in the post-monsoon
period of 2019 (Table 6). Within the entire study area, open spaces are rare and could be
observed in small portions for boroughs V, VI and VII; however, in the post-monsoon
2014 image for borough V, open spaces are lacking. The area of lakes did not change during
the entire study period as these areas within boroughs III and VIII are areas designated by
the municipal authorities.
The spatiotemporal variations of each LULC class were examined in terms of total
study area (which includes both the KMC and EKW areas) and percentage for each study
period (Table 6). The results indicate that the spatial proportion of each LULC class varied
between the seasons and throughout the whole observation period (2009–2019). In 2009,
the urban settlement class was the dominant LULC class in the KMC area, covering more
than 44% of both the KMC and EKW areas altogether, followed by vegetation-covered
areas, agricultural lands and inland wetlands. Lakes and open spaces covered only small
shares of the total study area. In 2014, urban settlement remained the dominant LULC
class followed by vegetation-covered areas; however, the spatial distribution of agricultural
lands and inland wetlands increased substantially during the post-monsoon season at the
expense of areas under vegetation (33.95% during the pre-monsoon period of 2014 and
20.47% during the post-monsoon period of the same year). Furthermore, in 2019, the areas
under urban settlement were the dominating LULC class in the study area, again, followed
by vegetation-covered areas. The shares of areas used as agricultural lands or covered
by inland wetlands remained almost the same as in 2014. In 2019, the amount of area
under open spaces significantly decreased compared to 2009 and 2014; in contrast, between
2009 and 2019, the area covered by lakes slightly increased in the post-monsoon period
compared to that of the pre-monsoon period.
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Figure 3. Distribution of land use and land cover (LULC) classes in 2009, 2014 and 2019 featuring the wards and boroughs
of the Kolkata Municipal Corporation (KMC) differentiated by the (a) pre-monsoon and (b) post-monsoon seasons. Black
outlines within the KMC are borough boundaries, the light grey outlines within each borough are ward boundaries, Roman
numerals mark borough numbers based on satellite image interpretation from Landsat series, United States Geological
Survey (USGS).
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Table 6. Distribution of land use and land cover (LULC) by class area extent (km2) and percentage (%) of the study area
during pre-monsoon and post-monsoon seasons of 2009, 2014 and 2019 based on satellite image interpretation from Landsat
series (USGS).
LULC Classes Urban Settlement Inland Wetlands Lakes Vegetation Open Spaces Agricultural Lands
2009, pre-monsoon 139.04 31.14 0.39 98.85 1.26 41.09
% 44.59 9.99 0.13 31.71 0.40 13.18
2009, post-monsoon 139.23 49.69 0.36 86.75 1.54 34.21
% 44.66 15.94 0.11 27.82 0.49 10.97
2014, pre-monsoon 142.73 31.06 0.35 105.85 0.75 31.04
% 45.78 9.96 0.11 33.95 0.24 9.96
2014, post-monsoon 144.50 48.82 0.42 63.83 1.16 53.05
% 46.35 15.66 0.13 20.47 0.37 17.02
2019, pre-monsoon 146.93 40.75 0.38 84.03 0.92 38.76
% 47.13 13.07 0.12 26.95 0.29 12.43
2019, post-monsoon 148.04 45.89 0.41 69.31 0.46 47.67
% 47.48 14.72 0.13 22.23 0.15 15.29
The LULC changes were differentiated into three major observation periods: 2009–2014
(first period), 2014–2019 (second period) and 2009–2019 (total period) with separate exami-
nation of seasons (pre- and post-monsoon seasons) (Figure 4). Change detection analysis
showed that during the first observation period, the area of urban settlement increased
by 2.62% and 3.85% in the pre-monsoon and post-monsoon seasons, respectively. In the
second observation period, the area of urban settlement again increased by 2.95% in the
pre-monsoon season and by 2.44% in the post-monsoon season. During the total observa-
tion period, the area under urban settlement increased by 5.65% in the pre-monsoon period
and by 6.38% in the post-monsoon period. In the case of agricultural lands, during the
post-monsoon seasons of 2009–2014, a relative increase of 55.06% was observed, as well
as a relative increase of 39.33% was observed for the total observation period 2009–2019.
Areas of open spaces overall declined in distribution during both types of seasons of the
total observation period (2009–2019). Nevertheless, in the pre-monsoon seasons between
2014 and 2019, the areas under open spaces grew by 22.48%, which is, however, only
0.17 km2 in total. The areas under inland wetlands increased by more than 30% during the
pre-monsoon seasons of the second and total periods. In contrast, during the post-monsoon
seasons of all periods, a continuous decrease in inland wetlands was witnessed. Analyzing
the distribution of lakes (the water-filled parts) in the pre-monsoon seasons, between 2009
and 2014, a decrease of 11.93% occurred, whereas between 2014 and 2019, it did grow by
10.67%. During the total observation period of 2009–2019, the lake area grew by 14.38% in
the post-monsoon seasons, while in the pre-monsoon seasons, a decrease of 2.53% could
be observed.
3.2. Estimation of the Ecosystem Services Value
3.2.1. Categories of Ecosystem Services
The individual ecosystem service values (ESV) of four categories of ecosystem services
(ES)—regulating, supporting, provisioning and cultural—in each borough of the Kolkata
Municipal Corporation and East Kolkata Wetlands are compiled in the Supplementary
Materials. The ESV for regulating services has the highest contribution, whereas cultural
ecosystem services have the lowest contribution (Figure 5). The ESV for regulating services
for the pre-monsoon period increased from US$26.4 million in 2009 to US$31.4 million
in 2019, but in the post-monsoon period, these ESVs decreased from US$33.7 million in
2009 to US$31.4 million in 2019. Cultural ecosystem services contributed a little more than
Sustainability 2021, 13, 2772 13 of 32
US$1 million corresponding to only 2% of the net contribution to the values for ecosystem
services during the post-monsoon season in 2019. The net contributions to ESVs of all
four categories of ecosystem services are highest in the East Kolkata Wetlands, where they
amount to more than 27% of the net ESV during the entire observation period of 2009–2019
(see the Supplementary Materials). Within the Kolkata Municipal Corporation (KMC),
borough XII provides the highest contribution (16.08%) to its ESV compared to the rest of
the boroughs; this applies to all the four categories of ecosystem services, i.e., regulating,
supporting, provisioning and cultural services, during the entire 2009–2019 period.
Figure 4. Relative net changes (%) of different land use and land cover (LULC) classes in the areas
of the Kolkata Municipal Corporation and East Kolkata Wetlands during (a) pre-monsoon and
(b) post-monsoon seasons of the observation periods 2009–2014, 2014–2019 and 2009–2019 based on
satellite image interpretation from Landsat series (USGS).
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Figure 5. Individual ecosystem service values (in US$ million) in 2009, 2014 and 2019 differentiated
by pre-monsoon and post-monsoon periods in the Kolkata Municipal Corporation boroughs and
East Kolkata Wetlands areas (outside the Kolkata Municipal Corporation area) based on satellite
image interpretation from Landsat series (USGS) and Mamat et al. [35].
3.2.2. Land Use and Land Cover (LULC)
The effects of changing land use and land cover (LULC) (Table 6) on the ecosystem
services and their contribution to the total ecosystem service values (ESV) (Table 7) within
the areas of the Kolkata Municipal Corporation and East Kolkata Wetlands were calculated
using the ecosystem service value coefficients (Table 3). The data show that the ESV is
mainly controlled by the distribution of inland wetlands followed by the areas covered
by vegetation (excluding agricultural lands). Inland wetlands contributed more than 50%
of the total ESV throughout the entire study period, whereas contribution of the areas
covered by vegetation (excluding agricultural lands) varied between 19 and 40% for the
whole observation period (2009–2019). Comparison of LULC distribution between base
year 2009 and 2019 (Table 7) shows that contribution of inland wetland areas on the ESV
increased during both pre-monsoon and post-monsoon periods. The contribution to the
ESV of the areas covered by vegetation (not cultivated) during the pre-monsoon periods
increased during the pre-monsoon periods between 2009 and 2014 and then decreased
between 2014 and 2019. In contrast, in the post-monsoon periods, the contribution of the
areas covered by vegetation to the ESV decreased between 2009 and 2014, but thereafter
it increased (Table 7). The contribution of agricultural lands to the ESV was less than 9%
throughout the whole observation period, whereas the contribution of urban settlement
areas, lakes and open spaces considered together accounted for less than 1% (Table 7).
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Table 7. Ecosystem service values in US$ and % of land use land cover (LULC) classes in the study area during 2009, 2014
and 2019 differentiated by pre-monsoon and post-monsoon periods based on satellite image interpretation from Landsat









2009, pre-monsoon 176,576.02 29,174,588.99 271,060.05 19,266,539.74 12,155.51 4,242,172.85 53,143,093.16
% 0.33 54.9 0.51 36.25 0.02 7.99 100.00
2009, post-monsoon 176,823.60 46,550,145.39 246,386.55 16,907,575.00 14,846.85 3,531,861.46 67,427,638.85
% 0.26 69.04 0.37 25.08 0.02 5.23 100.00
2014, pre-monsoon 181,267.10 29,102,059.33 238,718.83 20,630,740.34 7,198.03 3,204,258.48 53,364,242.11
% 0.35 54.53 0.45 38.66 0.01 6 100.00
2014, post-monsoon 183,515.00 45,737,993.40 288,699.60 12,440,467.00 11,170.80 5,476,351.50 64,138,197.30
% 0.29 71.31 0.45 19.4 0.02 8.53 100.00
2019, pre-monsoon 186,601.10 38,178,958.05 264,194.50 16,378,291.11 8,815.85 4,001,219.06 59,018,079.67
% 0.32 64.69 0.45 27.75 0.01 6.78 100.00
2019, post-monsoon 188,010.80 42,992,964.30 281,825.80 13,508,519.00 4,429.80 4,920,974.10 61,896,723.80
% 0.3 69.46 0.46 21.82 0.01 7.95 100.00
3.2.3. Seasons
The season-wise changes in ecosystem service values (ESV) between 2009 and 2019
differentiated by each land use and land cover (LULC) class are compiled in Table 8 (in
US$) and displayed in Figure 6 (in %). Inland wetlands showed significant growth in the
ESV for all three time periods during the pre-monsoon seasons, while they shrank during
the post-monsoon periods. The areas covered by vegetation (without cultivation) show a
decline in contributing to the ESV between 2009 and 2019 for both the pre-monsoon and
the post-monsoon periods. The maximum yearly increase in the ESV was observed in
the case of the areas under agricultural lands (11.1%) during the post-monsoon seasons
between 2009 and 2014. The maximum yearly decrease in the ESV was evident for the
areas under open spaces which was −14.03% during the post-monsoon seasons during
2009–2019 (Figure 6).
Table 8. Season-wise changes in ecosystem service values (in US$) during pre-monsoon and post-monsoon seasons of
2009–2014, 2014–2019 and 2009–2019 for the Kolkata Municipal Corporation and East Kolkata Wetlands differentiated
for different land use and land cover classes based on satellite image interpretation from Landsat series (USGS) and
Mamat et al. [35].
Pre-Monsoon Post-Monsoon
LULC Classes 2009–2014 2014–2019 2009–2019 2009–2014 2014–2019 2009–2019
Urban
settlement 46.91 53.34 100.25 66.91 44.96 111.87
Inland wetlands −725.30 90,768.99 90,043.69 −8215.21 −27,356.60 −35,571.81
Lakes −323.41 254.76 −68.66 423.13 −68.74 354.39
Vegetation 13,642.01 −42,524.49 −28,882.49 −44,564.40 10,680.52 −33,883.88
Open spaces −49.57 16.18 −33.40 −36.76 −67.41 −104.17
Agricultural
lands −10,379.14 7969.61 −2409.54 19,444.90 −5553.77 13,891.13
Total 2211.49 56,538.38 58,749.87 −32,881.42 −22,321.05 −55,202.47
Figure 7 displays season-wise changes in the ESV (in %) from individual ES. Among
all individual ES, the maximum yearly decrease in the ESV was observed for the cultural ES
(−15.62%) during the post-monsoon seasons between 2014 and 2019, while the maximum
increase in the yearly ESV was observed in the case of regulating ES (3.18%) during the
post-monsoon seasons between 2014 and 2019 (Figure 7). During the post-monsoon seasons
of the total observation period, the decline in yearly relative changes in the ESV for all the
individual ES was observed. Among them, cultural ES shrank the most (−7.99%), whereas
regulating ES decreased only by 0.69%. In the pre-monsoon periods of the total observation
period, only supporting ES had a negative yearly change (−0.092%) in the ESV.
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Figure 6. Season-wise changes in ecosystem service values (in %) obtained from different land use and land cover (LULC)
classes in the Kolkata Municipal Corporation and East Kolkata Wetland areas during pre-monsoon and post-monsoon
seasons of 2009–2014, 2014–2019 and 2009–2019 based on satellite image interpretation from Landsat series (USGS) and
Mamat et al. [35].
Figure 7. Relative yearly changes in individual ecosystem service values (in %) during pre- and post-monsoon seasons in
2009–2014, 2014–2019 and 2009–2019 in the Kolkata Municipal Corporation and East Kolkata Wetlands based on satellite
image interpretation from Landsat series (USGS) and Mamat et al. [35].
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3.2.4. Total ESV Calculation
According to the estimation, the total ecosystem service value (ESV) in the areas of
the Kolkata Municipal Corporation and East Kolkata Wetlands was about US$53.14 million
during the 2009 pre-monsoon season. The ESV remained almost similar in the pre-monsoon
period of 2014 (US$53.36 million) and increased slightly in 2019 (US$59 million) (Figure 8).
In contrast, during the post-monsoon seasons of the total observation period (2009–2019), a
decrease in the total ESV could be observed.
The borough-wise average ecosystem service values (ESV) between 2009 and 2019 of
the Kolkata Municipal Corporation and East Kolkata Wetlands are shown in Figure 9. The
major contributions to the ESV come from the East Kolkata Wetland area (EKW). Within the
KMC, boroughs VII and XII (Figure 2) contributed the most to the ESV, whereas boroughs
II and IV (Figure 2) contributed the least. In general, the southern parts (boroughs VII–XVI)
of the Kolkata Municipal Corporation area contributed more to the ESV compared to the
northern parts (boroughs I–VI) of the city. The East Kolkata Wetlands contributed almost a
quarter of the total ESV with an increase during the total observation period.
3.3. Analysis of the Sensitivity Index (SI)
The sensitivity of ecosystem service values (ESV) to changes in value coefficients
(with 50% adjustment) is <1 and often close to 0. Therefore, the ESVs are inelastic and the
estimated ESVs calculated for the 10 years of the study period 2009–2019 for the Kolkata
Municipal Corporation and East Kolkata Wetlands are reliable.
3.4. Water Quality Index
The overall WQI scores for surface water contemplated season-wise and year-wise
were within the “poor” category when the Canadian Council of Ministers of the Environ-
ment (CCME) water quality index (WQI) classification scheme was applied (Figure 10).
The water quality scores of groundwater in the Kolkata Municipal Corporation boroughs
were assessed as “good”, and in boroughs VIII, XII and XIV even as “excellent” (Table 4;
Figure 11). Between 2015 and 2017, slight seasonal effects in groundwater quality could be
observed: the samples collected during post-monsoon periods showed higher water quality
index (WQI) scores than the samples collected in either monsoon or pre-monsoon periods.
3.5. Comprehensive Urban Environmental Water Security Index
The calculation of the comprehensive urban environmental water security index
(UEWSI) indicated that the East Kolkata Wetlands showed the highest UEWSI value
(Figures 12 and 13). Within the Kolkata Municipal Corporation, boroughs VII and XII,
which are also part of the greater East Kolkata Wetland area, showed distinctly higher
UEWSI values than the other boroughs. Beyond that, the boroughs located in the southern
part of the city showed higher UEWSI values than those in the northern part, where some
boroughs even showed negative UEWSI values.
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Figure 8. Values of total ecosystem services (ESV in US$ million) in the total study area including the Kolkata Municipal
Corporation and East Kolkata Wetlands during the pre-monsoon and post-monsoon periods of 2009, 2014 and 2019 based
on satellite image interpretation from Landsat series (USGS) and Mamat et al. [35].
Figure 9. Borough-wise average ecosystem service values (ESV) in US$ million. Roman numerals mark borough numbers
based on satellite image interpretation from Landsat series (USGS) and Mamat et al. [34].
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Figure 10. Surface water quality index (WQI) scores between 2011–2019 (a) season-wise and (b) yearly for selected stations
of the Kolkata Municipal Corporation and East Kolkata Wetlands. The locations of surface water sample stations are given
in Figure 2 (data source: West Bengal Pollution Control Board, Kolkata, India [40]).
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Figure 11. Distribution of water quality index scores of the groundwater sampled between 2015 and 2017 within the Kolkata
Municipal Corporation boroughs. Roman numerals mark the different boroughs (data source: McArthur et al. [19]).
Figure 12. Distribution of urban environmental water security index (UEWSI) scores in the Kolkata Municipal Corporation
and East Kolkata Wetlands (calculation based on satellite observation of land use and land cover changes between 2009 and
2019). Roman numerals mark the borough numbers (data source: satellite image interpretation from Landsat series (USGS)).
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Figure 13. Distribution of urban environmental water security index (UEWSI) scores and normalized urban environmental
water security index scores (calculation based on observations within 2009–2019) within the Kolkata Municipal Corporation
boroughs and East Kolkata Wetland areas. Roman numerals mark the borough numbers (data source: satellite image
interpretation from Landsat series (USGS)).
4. Discussion
4.1. Effects of Changes in Ecosystem Services on Urban Water Security over the Last Decade
Ecosystems are impacted when they are utilized to meet human needs (e.g., water
supply, food production) [8]. The concern is whether an ecosystem is able to provide such
services in a sustainable manner as countries and communities continue to grow, adding to
an increase in human impact [8]. Ecosystem services (ES) reflect the benefits that humans
obtain from ecosystems. These services are both direct and indirect in nature, some easily
recognizable and others subtler. Human well-being fundamentally depends upon these
ecosystem services. Changes in ecosystem services can affect the humanity with negative
impacts on resource security, health and well-being and the maintenance of social and
cultural relations [47].
4.1.1. Effect of Changes in Values of Individual Ecosystem Services on Urban
Water Security
Regulating ES: In the Kolkata Municipal Corporation and East Kolkata Wetlands,
regulating ecosystem services (ES) which control the effects of natural events such as floods
are the most prominent (Figure 5). Regulating ES are responsible for stability and resilience
of the flow of other ES [48]. Decrease in regulating ES which was observed in the Kolkata
Municipal Corporation area during the post-monsoon seasons of the total observation
period (2009–2019) (Figure 7) can be linked with the loss of vegetation and inland wetlands
in the city area (Figure 6 and Table 8) [45–47]. The reduction in values of regulating ES
leads to the increase in volumes of surface water runoff and thus increases the vulnerability
to water flooding [8,47].
Provisioning ES: Provisioning ES generally coincide with regulating ecosystem ser-
vices’ function areas [49]. Therefore, benefits from a better provisioning ES are defined
on-site by the producing ecosystem, such as waterbodies for fish production [49]. Ac-
cording to Ravetz et al. [50], season of the year and temperature influence provisioning
Sustainability 2021, 13, 2772 22 of 32
ES, as low water level can increase pollutant concentrations in waterbodies. Beyond
that, increased temperatures as occurring in the pre-monsoon season boost agricultural
production; however, irrigation is required. In the study area, provisioning ES follow
the regulating ES. The fluctuations in provisioning ES during the post-monsoon period
and sudden increase in the pre-monsoon period of 2019 in the East Kolkata Wetlands
(Figures 5 and 7) can be linked to economic activities dependent on the varying monsoonal
rainfall [47,50,51].
Supporting ES: Values of supporting ES declined in the Kolkata Municipal Corpora-
tion and East Kolkata Wetland areas during the last decade (2009–2019) (Figure 7). This
resulted in a decrease of total ES due to the impact of human activities and infrastruc-
ture. Human activities include increased urban impervious surface due to construction of
buildings which results in hydrologic alteration manifested by (i) increased surface runoff
causing flood risk, (ii) reduced evapotranspiration and (iii) decreased shallow and deep
groundwater infiltration [52]. Other impacts include input of pollutants such as sediments,
heavy metals, etc. [52,53]. This observation also confirms the continuous fragmentation
of natural landscapes through urbanization processes due to, for example, transporta-
tion and infrastructure projects in the wetland areas, land grabbing due to construction
of urban buildings, leisure activity areas such as parks and indoor swimming pools or
agriculture [54,55]. Supporting ES, acting as intermediate services [49], can be regarded as
the underlying ecological structures, processes and functions essential [50] for producing
all other ES [49,52,56]. As a consequence, the decline of supporting ES has a direct negative
impact on biodiversity [50].
Cultural ES: Further, decreased values of cultural ES in the study area document a re-
duction in the supply of cultural ES, such as recreation and augmented social cohesion [57].
Further, as cultural ES are directly experienced and appreciated by people through ecosys-
tems, thus, unlike other services, cultural ES cannot be replaced if degraded [58]. This
problem is especially crucial within the Kolkata Municipal Corporation and East Kolkata
Wetlands because of high population density and constant pressure on the trade-offs
between natural ecosystems and people [57].
4.1.2. Effect of Land Use and Land Cover (LULC) Changes on Ecosystem Services
Ecosystem dynamics are influenced by land use and land cover (LULC), especially
in the ecological functions that reflect into values of ecosystem services (ESV) (Figure 6,
Tables 7 and 8) [59,60]. Urbanization has been globally the main cause of LULC change,
often coinciding with irreparable consequences to the urban ecosystem services (ES) [61].
Urban settlement: The results of LULC changes (Figure 3) show that the areal change
of urban settlement expansion is not dominant in the Kolkata Municipal Corporation and
East Kolkata Wetland areas. Our results show slight seasonal variations in the area under
urban settlement. This may be attributed to the mixed pixel problem which is a constraint
on estimation of seasonal changes in urban settlement due to the complexity associated
with Landsat image interpretation for a megacity like Kolkata [62]. Expansion of settlement
areas affected other LULC classes, especially the vegetation-covered areas and open spaces.
In consequence, the pressure on the water security of Kolkata City is predominantly driven
by vertical urbanization [63]. However, vertical city growth is difficult to detect applying
two-dimensional remote sensing approaches as used in this study.
Vegetation: Areas under vegetation (excluding agricultural lands) decreased signifi-
cantly during the total observation period between 2009 and 2019 contributing considerably
to the total ESV. Urban vegetation (excluding the agricultural lands) constitutes the ur-
ban green spaces and regulates microclimate [64], which provides monetary benefits by
lowering consumption of the energy sourced mainly from the fossil fuels for air condition-
ing [65–67]. Further, urban green spaces play an important role in regulating rainwater
interception by trees, lowering pressure on the drainage system and flood risks [68] and
reducing pollution to improve air quality [69,70] indirectly improving public health [71,72].
Therefore, a substantial decrease in urban vegetation negatively directly impacts these
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monetary benefits as well as non-monetary benefits, such as greater social cohesion and
trust, human well-being, sharpened sense of place and sense of identity [73–75].
Agricultural lands: Agricultural lands also provide benefits such as regulation of soil
and water quality, carbon sequestration, support for biodiversity and non-monetary bene-
fits such as cultural services along with food production as the most important monetary
service [76]. The Kolkata Municipal Corporation area does not have enough space for
agricultural lands. Therefore, all the benefits for agricultural lands to Kolkata City come
substantially from the East Kolkata Wetland area. The decrease in the area under agricul-
tural lands, therefore, has a direct negative effect on Kolkata City from the perspective
of the ESV, as well as of job and food security [76–78]. At the same time, a substantial in-
crease in agricultural lands (as we observed during pre-monsoon seasons of the 2014–2019
period) at the expense of inland wetlands can be blamed for raising water insecurity of
Kolkata City [13,14,78].
Lakes: Within the Kolkata Municipal Corporation and East Kolkata Wetland areas,
designated areas for lakes between 2009 and 2019 did not change, but a significant seasonal
variation was noticed for water-filled parts of these lakes during the observed period.
Moreover, the decreased amount of vegetation in boroughs III and VIII could be linked
with the deteriorating water quality of the lake in borough VIII (Figure 1) [31,32,40].
Open spaces: The most unfavorably affected land cover class in the Kolkata Municipal
Corporation and East Kolkata Wetland areas is the open spaces which constitute a key
element in the provisioning ecosystem services of urban environments from the esthetic
and cultural benefits perspective (cultural ecosystem services). Open spaces as regulating
ecosystem services also have a strong effect on the urban heat balance [79].
Inland wetlands: Inland wetlands support the basal objectives of water security by
ensuring both water availability and quality of water [80]. In consequence, they maintain a
key role for increasing water security [81,82]. Inland wetlands provide a range of different
ecosystem services [80]. They provide regulating ecosystem services by controlling floods,
cleaning the city’s sewage, protecting and mitigating impacts from storm events [81].
Located in one of the most cyclone-prone zones in the world, the East Kolkata Wetlands
are extremely important for the existence of Kolkata City [14,15,20]. These wetlands also
help in sediment, nutrient retention and export [20,21,27]. Undoubtedly, such wetlands act
as reservoirs of biodiversity through providing supporting ecosystem services [60]. Inland
wetlands play a role in supplying provisional ecosystem services by purifying wastewater
and producing goods through agricultural activities [27,80,81]. We must not forget the
cultural values these wetlands offer through recreational, touristic and social cohesion
activities providing cultural ecosystem services [57,58,60]. Moreover, inland wetlands
are invaluable to support climate change mitigation and adaptation providing a natural
infrastructure that meets the policy objectives for a water-secured city [35,80,81]. The
major benefits of ecosystem services for Kolkata City are obtained from the East Kolkata
Wetlands and borough XII of the KMC which is adjacent to the East Kolkata Wetlands.
Therefore, to maintain regional water security, inland wetlands within the KMC area and
the East Kolkata Wetlands are the key elements for Kolkata City [83]. At the same time, a
continuous decrease in the inland wetlands of the East Kolkata Wetlands may lead to the
loss of status of a Ramsar site in the near future [78].
4.2. Availability and Quality of Surface and Groundwater in Relation to Land Use and Land
Cover Changes
The results of water quality analysis of surface water imply that the quality is almost
undesirable for the intended use. The major drinking water supply in the Kolkata Munici-
pal Corporation area depends on the treated surface water of the River Hugli. A big portion,
particularly in the added areas in the southern parts of the Kolkata Municipal Corporation
area, are deprived of this water supply. Drinking water supply in these deprived areas
depends on groundwater [84]. Therefore, availability, physical accessibility and quality
of groundwater are also important issues for the Kolkata Municipal Corporation area’s
water security [13,84]. Groundwater extraction by tube wells immediately beneath the
Sustainability 2021, 13, 2772 24 of 32
settled area is still a common practice, especially in slum households and condominiums
around the periphery of the city [13]. According to the Kolkata Municipal Corporation
2015 report [85], Kolkata City (the entire Kolkata Municipal Corporation area) officially
counted about 12,000 hand-pumped tube wells, predominantly found in slums [85,86]. The
groundwater in the Kolkata Municipal Corporation area faces high levels of manganese
(Mn > 0.3 mg/L−1) and iron content (Fe; up to 23 mg/L−1) which can induce serious
ailments [19,86]. In general, increased solute concentrations in the groundwater are related
to industrial activities, sewage effluent and unregulated groundwater extraction [19,87–89].
Further analysis for arsenic (As) in the groundwater samples from across the Kolkata
Municipal Corporation area failed to meet the permissible limit set by the Bureau of Indian
Standards (BIS-2012) [41] due to As concentrations > 10 µg/L−1 in few samples [19]. The
As present in the groundwater of Kolkata is anthropogenic in origin, unlike in other areas
of the Bengal Basin where it is geogenic in origin [19].
Unregulated groundwater withdrawal has resulted in the development of local
groundwater mounds and troughs in and around the East Kolkata Wetlands where the
regional topography is otherwise flat. The water quality of that area is dependent on these
groundwater mounds and troughs that affect the groundwater flow pattern and distribu-
tion [19]. About 800 million liters of wastewater purged daily from Kolkata are naturally
treated through these wetlands [20]. Leaching of pollutants from this wastewater of the
city containing a mixture of domestic and industrial effluent loaded with high amounts of
heavy metals is accelerated due to growing overwithdrawal of groundwater for domes-
tic, irrigation, industrial and commercial needs. This exposes the aquifer below the East
Kolkata Wetlands to contamination and affects water quality of the wetland aquifer [20,22]
from where groundwater is extracted in large volumes for agricultural use [90].
The parameter outputs of the water quality index scores of the surface waters show
that in all surface water samples, the total coliform count is high. Dissolved oxygen (DO)
and pH values did not pass the quality standards set by CPCB-1992 (Table 5) [41]. In
case of inland wetlands, along with pH, DO and total coliform count, biochemical oxygen
demand (BOD) values are above the threshold value for the bathing water set by CPCB-
1992 (Table 5) [41]. In consequence, surface water samples analyzed also did not meet the
BIS-2012 drinking water quality standard. The input of fecal matter and nutrients from
point and extensive sources into aquatic ecosystems affects the surface water’s pH values,
DO concentrations and oxygen consumption values as well as bacteria concentrations [91].
This also suggests that, like in most urban areas, the major problem is the discharge of point
sources to surface waters [91–94]. However, being in the area of influence of tides, DO
concentrations as well as concentrations of alkali and alkaline earth metals increases in the
canal water during high tides driven by the influence of seawater [19]. Clear differentiation
of the origin of the major cations and anions either from sewage water or seawater is
not possible [19,92].
Rapid urbanization has degraded the conditions of the canal system of Kolkata of
which Adi Ganga or the Tolly’s Nullah is a prime example [95–97]. Apart from the regular
tidal influence which is also disrupted by newly constructed elevated Metro railway
lines, the water in the canal does not have any flow and it has black color and stinking
odor [40]. The sewage effluents to this canal system contain predominantly domestic
wastes from the surrounding area, animal remains from slaughterhouses and crematory
wastewater [98]. It has been estimated that humans and animal excreta cause a large
portion of the fouling of the canal water flowing along the slum areas [98]. Lack of
sewage systems and overflow of sewage caused by heavy rainfall events introduce a large
amount of sewage into the canal system. Isobe et al. (2004) [99] document high values
of linear alkaline benzenes (LAB3) with concentrations of 4.45 mg g−1 dry wt. in bed
load sediments of the Adi Ganga Canal (Figure 2). The drainage system in the Adi Ganga
Canal waterways has been choked due to high siltation and dumping of garbage including
non-degradable wastes [100]. McArthur et al. [19] showed that groundwater of 33% of the
public wells (median depth = 91 m) and 14% of municipal wells (median depth = 121 m)
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is contaminated by chloride (Cl) from the sewage effluent. The anthropogenic Cl has been
drawn down to below 110 m depth by pumping [19].
4.3. Urban Environmental Water Security Index and Its Spatial Variations
The urban environmental water security index (UEWSI) scores (Figure 13) reveal the
issues with urban water security in the core areas of the Kolkata Municipal Corporation
(KMC) area, especially in the most populous northern areas [13]. These northern boroughs
(I–VI) of the Kolkata Municipal Corporation have a higher number of slums than the rest
of the city areas as well. Slum areas are more vulnerable to water insecurity than non-slum
areas as they lack the basic provision of water and sanitary infrastructure [84]. In contrast,
at present, the southern boroughs (VII–XVI) are more stable in water security, but following
the increase in urbanization in the area, these boroughs may lose their water security in the
near future if proper management is not introduced on time. The urbanization is highly
visible along the bank of the River Hugli; these urbanization processes have a dynamic
influence on the spatial pattern in LULC [101] changes which predominantly result in
a reduction of ecosystem service values. Mondal et al. [92] suggested that the presence
of the East Kolkata Wetlands in the east of the megacity limited the urbanization in the
eastern part of the Kolkata Municipal Corporation. The entire East Kolkata Wetlands is
considered to have peri-urban nature which continues beyond the eastern boundary of
the EKW as evident from satellite imagery (Figure 1). The overlapped areas of the East
Kolkata Wetlands within the Kolkata Municipal Corporation jurisdiction, particularly
boroughs VII and XII, are newly added areas having peri-urban characteristics under
sporadic urbanization [13]. Consequently, boroughs along the eastern border of the Kolkata
Municipal Corporation area (boroughs VII and XII) show higher UEWSI scores than the
other boroughs of the Kolkata Municipal Corporation area. These higher UEWSI index
scores of boroughs VII and XII result from their proximity to the East Kolkata Wetlands.
The spatial distribution of UEWSI scores (Figure 12) documents the strong influence of
the East Kolkata Wetlands located in the periphery of the Kolkata Municipal Corporation
area, both in terms of providing livelihoods and products and in making use of a natural
source of water [102,103]. The wetlands serve as a carbon sink with their greenery and
water bodies and, in addition, they support purification of the Kolkata’s sewage water [103].
In the East Kolkata Wetlands, Everard et al. [104] identified a wider diversity of services
across all categories of ecosystem services. Among them, water purification and flood
regulation significantly serve to secure Kolkata’s water security directly. At the same time,
provisional ecosystem services in terms of agricultural production (mainly food and flower
production) benefit city dwellers in terms of the betterment of the quality of their city
lives [104] by providing locally generated products [105]. Mondal et al. [102] showed that
14 km2 of the wetland area of the East Kolkata Wetlands were transformed into urban
settlement between 2000 and 2011; due to the vast completion of this process in the first
decade of the 21st century, this transformation is not recorded in the study at hand. Beyond
that, wetland loss was observed in the study area during 2009–2019, mainly because of
continuous urban expansion in the Kolkata Metropolitan area potentially compromising
the overall sustainability of Kolkata City itself [106]. Mondal et al. [102] projected that only
39% of wetlands within the existing East Kolkata Wetlands will remain in place by 2025 if
the current trend of urbanization continues. Complementary, the results of our study show
a decline of ecosystem services in the Kolkata Municipal Corporation’s urban areas over
the entire observation period of 2009–2019.
5. Limitations
This study attempts to link the advantages of urban and peri-urban ecosystems to
water security of a megacity, applying the method of valuation of ecosystem services. There
is a variety of detailed direct and indirect methods for estimating values of ecosystem
services which may produce higher accuracy and precision with a demand of precise and
adequate empirical data [34–37]. Keeping this fact of lacking adequate data, our study
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can be considered as a crude initial estimation based on a simple benefit transfer method
proposed by Mamat et al. [35]. According to them, “one of the disadvantages of this ESV
estimation is its vagueness, especially because the uncertainty of the value coefficient
and the spatial, biophysical, and socio-economic heterogeneity were not considered” [35].
Secondly, we did not find any ESVs that are unique to the EKW. Perhaps, in the next phase,
while considering the local valuation methods, this can be estimated with precision and
adequate accuracy. This is certainly a limitation of the study, but not from the perspective
of objectives set for the research. Here, we wanted to show the distribution of changes of
the ecosystem service values (ESV) quantitatively, using a standard global value coefficient.
Detailed survey, generation of participatory data and valuation techniques considering the
heterogeneity and complexity of nature/human systems can reduce the uncertainty and
generalization in the future research.
6. Conclusions
The transformation of land use and land cover (LULC) of the Kolkata Municipal
Corporation and East Kolkata Wetland (EKW) areas has confronted water insecurity. It is
examined in this study during pre-monsoon and port-monsoon seasons of 2009, 2014 and
2019 and we have derived major conclusions. For the calculation of the UEWS index and
to discuss the dynamics of spatiotemporal changes in LULC, ES values and water quality,
a thorough temporal analysis is needed. Therefore, an additional year in between 2009
and 2019 was necessary to explore the continuity of these changes even at the slightest
portion. In the UEWS index, we incorporated the intensity indices, which require yearly
changes in areas of LULC classes for both pre-and-post-monsoon seasons. We emphasized
this precision in order to create and analyze the distribution of UEWS index values across
the city. Even small changes in LULC classes have a substantial effect on the resultant ES
values, for example, in open spaces or lake areas. The study aimed to explore the dynamic
relationship between the changing pattern of LULC, ES values and water quality from a
holistic water security point of view. Therefore, the global value coefficient for ES proposed
by Costanza et al. and modified by Mamat et al. was taken into consideration after careful
review of the literature for the calculation of ES. It also paved a path for future research to
calculate local ES values and analyze ES for water security studies. This is a novel approach
to amalgamate quantitative variables and processes (LULC changes, ES valuations, water
quality index) together to get a resultant effect as urban environmental water security
which can be quantified and analyzed further.
This study shows that it is impossible to disregard the role of peri-urban wetlands and
the benefits or services from their ecosystem for securing a city’s water and environmental
security. In fact, for megacities like Kolkata, the need is stronger. The process of rapid
urbanization has blurred the distinction between the “urban” and the “peri-urban” zones
which used to play a role of an intermediary between urban and rural areas. There is a
need to understand and document social, economic and institutional characteristics of peri-
urban regions in a better way. An understanding of these unique characteristics is essential
to develop new and innovative ways of addressing peri-urban challenges, cutting across
the frontiers of rural and urban governance. The unplanned and unregulated development
process in the Kolkata Municipal Corporation area has proved to be quite unsustainable
and has turned out to be a serious threat to the city and its environment. The growth has
affected basic amenities, especially water supply, for the increasing population in the newly
developing areas. Peri-urban wetland areas of Kolkata City are under stress because of
expanding urban settlement which hampers the natural water cycle and its regulatory
functions. This compromises the natural protection of controlling floods, recharging the
shallow aquifer and natural waste management of the city itself. The entire transformation
may introduce new pollutants such as wastewater, arsenic or pesticides ultimately affecting
the entire water security of the urban area.
River Hugli is the main source of drinking water for Kolkata and it is the main
distributary of the River Ganga since ages. Historically, this river has been the lifeline of
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this megacity in the eastern hemisphere. We did not consider the stretch of the river while
calculating the ecosystem service valuation as there was no recent change in the course
of the River Hugli. Rather, we considered its water quality issues in the analysis which is
crucial for discussing Kolkata’s water security. The Ganga–Hugli river system contributes
significantly towards the transport of pollutants of the coastal areas of the Bay of Bengal.
The deterioration of water quality is closely related to inefficient water management,
non-functioning of wastewater treatment facilities and lack of environmental planning
and coordination. Coliform counts in the river water sampled result from microbial
contamination by municipal waste sources. Results of the water quality study show
that most physiochemical features may be appropriate for domestic water supply after
traditional water treatment. However, bacteriological quality observations revealed a high
degree of contamination from domestic and animal wastes.
We require more research on critical water-related ecosystem services to encourage
additional policy momentum, business commitment and investment in the conservation,
restoration and wise use of wetlands. They must show how recognizing, demonstrating
and capturing the local values of ecosystem services related to water and wetlands can
lead to better informed, more efficient and fairer decision-making for sustainable urban
planning. It is evident from the literature that the poorer sections of the society suffer
the most when biodiversity is lost, as their survival depends on the multitude of nature.
When wetlands are destroyed, the nature’s water cycle and its ability to provide water for
households and farms are disrupted, and the suffering of the poor exacerbates inadvertently.
Thus, restoration and protection of the water environment is vital to address today’s most
pressing challenges of water and food security, climate change and poverty in urban spaces.
Struggle against climate change will set off substantial opportunities for the economy,
specifically in the Global South. We should adopt circular production systems in a water-
efficient way. As the global population grows, so does the demand for water, settlement
and urban infrastructure development. These, in turn, deplete natural resources and
damage the environment in many places. Solutions include protecting carbon sinks such
as green cover and wetlands, adopting climate-smart agricultural techniques, rainwater
harvesting and artificial recharge and increasing the safe reuse of wastewater in urban areas.
Water is our most precious resource—we must use it more conscientiously. The significant
trade-off between the mankind’s water needs and water security will protect everyone
from being left behind. In this context, it is also important to determine how much water
the ecosystem needs to ensure its own water security within an urban space. Urban water
security research needs to go deeper to learn how complex ecosystems behave at vastly
different scales and under the stresses of changing patterns of climate and water availability
along with the increasing water demand. This approach is the first of its kind applied to
both the KMC and EKW areas. From this study, we found that the regulating ecosystem
services have the highest contribution to the monetary values. Therefore, the regulating ES
must be given preference for protecting Kolkata City’s water security. This should be given
priority while framing the policy and planning framework for the sustainable management
of both the city and its peri-urban areas.
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